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We analyze the influence of an externally modulated photonic link on the per-
formance of a microwave communications system. From the analysis, we deduce
limitations on the photocurrent, magnitude of the relaxation oscillation noise of the
laser, third-order intercept point of the preamplifier, and other parameters in order
for the photonic link to function according to the system specifications. Based on
this, we outline a procedure for designing a photonic link that can be integrated in
a system with minimal performance degradation.

l. Introduction

Photonic technology has become increasingly impor-
tant in analog communications systems. For systems with
high frequency and high dynamic range, externally mod-
ulated photonic links generally have better performance
compared to directly modulated links [1,2]. The perfor-
mance of such links has been analyzed by many authors
[3-6]; however, in these analyses the links were assumed
to be isolated from the microwave system and, therefore,
their effect on the system was not adequately apparent.
In addition, many parameters in these analyses were given
for component engineers and, thus, are difficult to use for
a system designer, who may not be familiar with the pho-
tonic technology. Finally, none of the analyses considered
the influence of the laser’s relaxation oscillation noise am-
plitude on the microwave system, which, as will be dis-
cussed later, may be critical in many applications.

We present here an analysis that emphasizes the in-
tegration of the link in an analog system. We pay spe-
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cial attention to the laser’s relaxation oscillation noise and
determine quantitatively its effect on the system. With
parameters and equations intentionally written in system
engineering terms, we hope that the results can be readily
used by microwave engineers in their system designs.

An analog communications system can be considered as
many subsystems that are cascaded together. Each sub-
system ¢ has a characteristic gain Gj, noise factor Fj, 1-
dB compression P}4B | third-order intercept point I.P;, and
bandwidth A f;. Grouping the subsystems is somewhat ar-
bitrary; for convenience, we group the system under con-
sideration into three subsystems, as shown in Fig. 1. All
the components before the optical link are included in sub-
system 1, and all the components after the optical link are
included in subsystem 3. The optical link itself is subsys-
tem 2. For example, in an antenna remote system where
the optical link is inserted between the low-noise amplifier
(LNA) of the antenna and the downconverter, subsystem
1is the LNA and subsystem 3 includes the downconverter



and all the components following the downconverter. With
such a grouping, the effect of the optical link on the sys-
tem’s performance can easily be evaluated.

In this article, we first determine the gain, noise fig-
ure, 1-dB compression, and intercept point of an isolated
optical link (or subsystem 2). We then determine quan-
titatively the changes in noise figure, dynamic range, and
gain profile of the system caused by the insertion of the
optical link. From the analysis, we deduce limitations on
the magnitude of the relaxation oscillation peak, photocur-
rent, and other parameters of the optical link in order for
the link to function according to the system’s specifica-
tions. Finally, based on the analysis, we outline a proce-
dure for designing a photonic link that can be integrated
in a system with minimal performance degradation.

Il. Parameters of an Isolated Optical Link

A. Gain of the Photonic Link

The photonic link consists of an electro-optic (E/O)
modulator to convert the RF signal into an optical signal,
a length of optical fiber to transmit the optical signal, and
an optical receiver to convert the optical signal back to
RF. Because two signal conversion processes are involved,
the signal loss is generally high. The attenuation of the
optical signal in the fiber also produces additional RF loss.
The total RF gain (or loss) of the photonic link using the
Mach-Zehnder modulator [5] is (see Appendix A)
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where V; is the half-wave voltage of the modulator, Ry,
is the input impedance of the modulator, Ry is the load
impedance of the receiver, and I,; is the average pho-
tocurrent in the load resistor of the receiver. In Eq. (1),
the numerator is the electrical power generated by the pho-
tocurrent in the receiver, and the denominator is the input
electrical power to the modulator corresponding to an ap-
plied voltage of V;. The photocurrent in the receiver is
related to the received optical power W, by I,, = nW,,
where 7 is the responsivity of the receiver.

B. The 1-dB Compression and Third-Order
Intercept Point of the Optical Link
Referring to Appendix A, one can see that the input

1-dB compression P18 and third-order intercept point
IP,, of a Mach-Zehnder modulator are

AVE_
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They can be converted to the results obtained by Kol-
ner and Dolfi in [7]. From Eq. (2), one can see that for a
Mach-Zehnder modulator the third-order intercept point
is always 10 times (or 10-dB) higher than the 1-dB com-
pression. For a modulator with V. of 8 V and R,, of 50
2, the 1-dB compression is 17 dBm, and the third-order
intercept point is 27 dBm.

The output intercept IP,, is simply the product of the
input intercept and the gain of the link. From Eq. (2), we
can readily obtain

IP,, = 10P}® =4I, Ry (3)

where P,};B is the output 1-dB compression of the link. It
is important to notice that the output 1-dB compression
and the third-order intercept are independent of the char-
acteristics of the modulator and are proportional to the
photo-electric power in the receiver.

C. Preamplifier Requirements

Typically, the loss of the basic optical link is —20 to
—60 dB. To compensate for the signal loss, an amplifier
with a gain of

(4)

may be placed either before the modulator or after the
receiver. However, a preamplifier is preferred because it
also serves to reduce the noise figure of the optical link.

In order for the preamplifier not to limit the dynamic
range of the photonic link, its output intercept I Pp, and 1-
dB compression PPISB must be much larger than the input
intercept I P, and 1-dB compression P9 of the modula-
tor, respectively. Using Eq. (2), we therefore obtain

4 V2
IPpr >> ;r—z'Rm (5)
2 V2
1dB L
Ppr >> gﬁm (6)
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D. Third-Order Intercept Point of the Loss-
Compensated Optical Link

Using the cascading formula given by Norton [8], we
obtain the output third-order intercept IP, of the loss-
compensated photonic link (subsystem 2):

1 1 1

T S S 7
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Because the loss-compensated optical link has a gain of
unity, G2 = GprGop = 1,IP; is also the input intercept
of the link. When Eq. (5) is satisfied, IP, = [P, and
both the input and output intercept points of the loss-
compensated link are equal to the output intercept point
of the isolated optical link. Because IP,, = 4I§h Ry, again
the intercept of the loss-compensated link is independent
of the characteristics of the modulator and depends on
only the photo-electric power in the receiver.

Similarly, the input and output 1-dB compression P}¢P
of the loss-compensated link is
1 1 1
= (8)

= +
B B 1dB
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E. Noise of the Optical Link

The total noise density (per hertz) at the output of the
fiber optical link is

Pp = GopPrn + Pihermal + Phot + PRIN 9)

where B, is the input noise density to the modulator,
Pihermai is the thermal noise density generated in the re-
ceiver, Phot is the shot noise density, and Prin is the rel-
ative intensity noise density generated by the laser around
the modulation frequency fn. In Eq. (9), we neglected
the dark current noise generated by the photodetector be-
cause the anticipated photocurrent (approximately 1 mA)
is much larger than the dark current (approximately 1 nA).
The thermal noise and the shot noise are white noise pro-
cesses, and their expressions are well known, as follows:

Pihermat = kTop (10)
Psnot = 2elpnRL (11)

where T, is the ambient temperature of the optical link, k&
is Boltzmann’s constant, and e is the charge of the electron.

18

The relative intensity noise (RIN) of a YAG laser is
frequency dependent and has a relaxation oscillation peak
around a few hundred kHz [9]. However, this low fre-
quency noise peak can be multiplied up to the modulation
frequency by the modulator and contributes to the total
relative intensity noise around fn, as shown in Fig. 2(a).
To find the relationship between the amplitudes of the
multiplied RIN peak and the modulation, we performed a
simple experiment, as shown in Fig. 2(b). We first added
a small single-tone modulation to the laser light with a
modulator (modulator 1) at a frequency (250 kHz) close
to that of the relaxation oscillation peak (187 kHz). A
second modulator (modulator 2) was then used to impose
a strong modulation at a higher frequency. As one can see
in Fig. 2(c), both the relaxation oscillation peak and the
single tone were multiplied up and their relative ampli-
tudes remained unchanged. This result indicates that the
amplitude of the multiplied RIN peak can be calculated
by treating the relaxation oscillation peak of the RIN as a
single-tone modulation, as is done in Appendix B.

Consequently, the total RIN, Prrn, at the frequency of
interest, f, is the sum of the baseband relaxation oscilla-
tion, PoriN, at f and the multiplied relaxation oscillation

peak, PnrIN:

PrIN = PorIN + PmRIN (12)

where
Borin = L RLRIN (fm) (13)
PmRIN = %GomeRIN (f— fm) (14)

In Egs. (13) and (14), RIN(f) is the laser RIN fluctua-
tion at f and RIN(f — fm) is the RIN fluctuation around
relaxation oscillation frequency frrx. They have a unit
of 1/Hz. Note that RIN(f — fm) is a strong function of
frequency around its peaks at f — f = £ frLX, as shown
in Fig. 2(a). From Eq. (14), one can see that the larger
the driving signal, the more the low-frequency relaxation
oscillation noise contributes to the noise at the modulation
frequency, fm.

From Egs. (10), (11), and (13), one can see that the
thermal noise is independent of photocurrent I, the shot
noise is proportional to I,5, and the RIN is proportional
to Ipn squared. Comparing Pihermat; Pshot, and PorIN,
one can see that at low photocurrent (I,5 < 0.25 mA), the



thermal noise P;perma; dominates. At moderate photocur-
rent (0.25 mA < I, < 10 mA), the shot noise Pypor dom-
inates, and at high photocurrent (I5 > 10 mA), the RIN
P,rin dominates. In the calculation above, a relative in-
tensity fluctuation RIN(f) of —165 dB/Hz and Rg = 50 Q2
are assumed. Most laser manufacturers use this num-
ber to conservatively specify the RIN for diode-pumped
YAG lasers at above 10 MHz; no definitive measurement
has been performed so far to accurately determine it. It
is generally believed that the actual value of the RIN
for diode-pumped YAG lasers can be much smaller than
—165 dB/Hz.

F. RIN Noise Peak

Since the multiplied relaxation-oscillation noise peaks
are a few hundred kHz away from the modulation fre-
quency, with their amplitudes increasing as the driving
signal increases, it is very easy to mistake them for the
signal [see Fig. 2(a)]. Thus, for a practical system, these
peaks have to be suppressed below the system noise floor.
The RIN fluctuation at relaxation oscillation frequency
RIN(farx) of a diode-pumped YAG laser without a noise
reduction circuit is typically as high as —100 dB/Hz. As-
suming that V; of the modulator is 8 V, Rp and R,, are
50 €; then, with a moderate driving signal level of 1 mW
(corresponding to a modulation depth of 1.54 percent) and
a photocurrent of 0.02 mA, the multiplied relaxation os-
cillation peaks will be above the noise floor,set by the sum
of the thermal, the shot, and the original RIN noise terms.
The maximum multiplied RIN noise density at the peak,
f — fm = £frLx, can be obtained by replacing P, in
Eq. (14) with P2, the maximum allowed driving power
of the system at the modulator:

1
MRIN = ZGOPPrrr?axRIN (frLx) (15)

If the input noise Py, to the optical link is small com-
pared to the other noise terms, and the maximum driving
power of the system at the modulator is PE®* = PP,
then in order for this multiplied RIN to be below the noise
floor of the link, RIN (frrx) should satisfy

10kT,, 20
RIN (frex) < frpo + 2° L 10RIN (§)  (16)
ph*lL Iph

However, in an actual system, the input noise Py, to
the optical link [the first noise term in Eq. (9)] is much
larger than the rest of the noise terms and sets the noise

floor of the.system. In order for the multiplied RIN to be
10 dB lower than the input noise floor, we must have

04
RIN (frrx) < D

(17)

sys

where D,y = Pmax /P is the maximum signal-to-noise
ratio of the system, or simply the dynamic range. For ex-
ample, if the dynamic range of the system is 131 dB-Hz,
the RIN peak must be smaller than —135 dB/Hz. Diode-
pumped YAG lasers with relaxation oscillation peaks at
this level may now be obtained commercially. These lasers
reduce the RIN peak amplitude by incorporating a feed-
back loop in the pump diode circuit [9]. For systems re-
quiring higher dynamic range, further noise reduction with
an external circuit [10] may be necessary.

G. Noise Factor of the Loss-Compensated Optical
Link

The noise factor of the basic optical link may be ex-
pressed as

pop _ +Fth+Fshot+FoRIN+FmRIN

Fop = =1
P Goppm Gop (18)

where Fyn, Fsnot, Forin, and Fynpin are the noise fac-
tor contributions from the thermal, shot, RIN, and the
multiplied RIN noise, respectively. They are given by the
following expressions:

Fo = Dermel (192)
m
Pehot _ 2elpRp
Fipot = = 2%
hot Pm kTop (19b)
Porin _ InRL
Foprn = = phL
RIN P kTop RIN(fm) (19¢)
P, G
Frin(f) = 2PN — _Z2_p RIN(f — fm) (19d)

P 4T,

where Py, = kT, is used throughout. Because G,, is small
(approximately 1072 — 107°), the resulting noise factor,
F,p, is large; thus, to reduce the noise factor, a pream-
plifier is required. With the preamplifier gain of Gp, and
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noise factor of Fy,, the noise factor of the loss-compensated
optical link is

F,, -1
Fz(f) = Fpr+ é = F20+FmRIN(f) (20)
pr
where
Fao = Fpr + Fin + Fynot + Forin (21)

is the frequency-independent part of the noise factor and
Frrin(f) is the frequency-dependent part.

H. Compression Dynamic Range of the Optical Link

The dynamic range of a system is defined as the maxi-
mum output signal power divided by the total output noise
of the system: D,, = POII?B /Pop, or

1 1 1 1 1 1
=—+ + + + 22
-Dop Dy, Dipermat Dyspot DogIn Drpin ( )
‘where
PldB PldB
D, =% —‘m_ 23a
Goppm P ( )
PldB 2]2 R
D=2 = Zph7L (23b)
pthermal 5 kTop
Dipor = —2— = 22 23c
hot Pshot e ( )
D, =2 23d
BN = Popin ~ BRIN(fr) (239)
Dy, =2 ___ 23e
RN = e = RINGax) )

Equations (9) through (14) are used in deriving these
equations. To express in dB-Hz, the above equations can
be rewritten as

Dyp = 157 4+ 20 log Iph(mA) (243.)
Dspot = 1561410 log Iph(mA) (24b)
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DoRIN = -4 -10 log RIN (fm) (240)

6—10 log RIN (fFLX) (24(1) .

Dpmpin

In the above calculations, we assume that Top =290 K
and Ry = 50 Q.

l. Spur-Free Dynamic Range of an Optical Link

The spur-free dynamic ‘range SFD,, [in units of
(Hz)2/3] of the optical link is

2/3
I£2) )

SFD"”=<Pop

where I P, is the output third-order intercept of the mod-
ulator and is defined in Eq. (3). Since IP,, = IOPOII?B,
we have the following simple relation between the com-
pression dynamic range and spur-free dynamic range of an
optical link:

SFDyp = (10D,,)*? in units of (Hz)>  (26)
or

SFD,p = 6.7+ %Dop in units of dB-(Hz)*/®>  (27)

lll. Influence of the Optical Link on the
System

The ultimate optical link for antenna remoting does
not degrade the performance of the existing system and
will remain essentially “transparent” to the system. Thus,
the insertion of such an optical link in the existing sys-
tem does not change the system’s noise temperature, dy-
namic range, gain profile, and phase noise. Such an optical
link is the basis of our analysis below, where the influence
of various parameters is considered in order to determine
the effect of each component of the link separately and to
specify the required parameters to achieve “transparent”
operation upon insertion in the system.

A. Influence on the Noise Factor

The noise factor of the system without the optical link
is



T3 F3-1

Fops=F1 + —~—— 28

3ys 1 + Tl Gl ( )

where G, F1, and Ty are the gain, noise factor, and input

noise temperature of subsystem 1, and where F3 and T3

are the noise factor and input noise temperature of sub-
system 3.

With the optical link inserted, the total noise factor is

Fo—1Ty F3—1T;
! — il 2
Foi=Bt =g 7t 66T (29)

Because G = 1 for a loss-compensated optical link, the
total noise factor of the system is, therefore,

Fl,, = Fyyy + AF, (30)

sys
where
AF; = AFy + AFpmRIN (31)

is the total noise factor increase caused by the inser-
tion of the optical link. In Eq. (31), AFy, = (T2/T1)
x (Fyo — 1)/G1 is the frequency-independent part of the
noise factor increase caused by the preamplifier, thermal,
shot, and baseband RIN. It can be expressed as

AFy, =

Ty Fpr + 2eLn Re /b + I RLRIN (fn) [k

G (32)

where T,, = T, is used. Taking Ry = 50 Q, RIN(fm) =
—165 dB/Hz, and I, in units of mA, Eq. (32) becomes

TyF,, + 116015 + 11612
AF,, ne 222" Gﬂf;" ph

(33)

On the other hand, AF,grry is the frequency-
dependent part of the noise factor and is induced by the
multiplied RIN noise peak. It is defined as

}_Pm/Gler

1R RIN (f = fm) - (34)

AFpnRIN =

In Eq. (34), P,/G1Gp, is the input signal power of the
system, and k7} is the input noise density to the system.

The ratio of the two terms is just the input signal-to-noise
ratio (SNR) in a 1-Hz bandwidth. Note that Pp/G1Gpr
can be either the signal of interest or an interference sig-
nal that falls into the pass band of the signal of interest.
When there is no interference signal present, this term is
not critical because, when the signal of interest is small,
this term is small. Although this term becomes very large
at high signal levels, the resulting noise factor increase is
not damaging because the corresponding SNR is so high
that a small noise increase will have little effect on the
performance of the system.

On the other hand, when there is a strong interference
signal present, P,,/G1Gp, will be large, even though the”
signal of interest is small. Consequently, the SNR of the
signal of interest is reduced, and the performance of the
system is degraded.

The largest AFp,rrv occurs when f — fr = +frrx
and when the SNR of the system is a maximum:

1
AFRRiN = 7Fsys Dsys RIN(fRLX) (35)

Here, F,y, is the noise figure of the system, and Dy, is
the dynamic range of the system or the maximum SNR.

B. Influence on the Dynamic Range of the System

Without the optical link, the original input third-order
intercept point I P,y, of the system is

1 1 G
—_— —_— 6
P, _ IP T IPs (36)

where I Ps is the input intercept point of subsystem 3.

After the insertion of the optical link, the third-order
intercept point of the whole system is

1 _ 1 G, GGy
Ip.. .~ IP  IP, 1P

sys

387)

where I P, is the input intercept point of the optical link
and is given by Eq. (7). For the loss-compensated optical
link, G2 = Gp,Gop = 1, Eq. (37) becomes

IP] IPays

s = 11 G11P,,,/IP; (38)
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The reduction of the system’s intercept point in dB is,
therefore,

A(IP)=101log 1+ %) (39)
IP;

Similarly, the 1-dB compression, P_,’ys, of the system
after the insertion of the optical link is

pr, = — Py (40)
3ys 1+ G]-PslydsB/PZIdB

and the reduction of the system’s 1-dB compression in dB
is

1dB

G\ P,
Ead ) )

Finally, the spur-free dynamic range and compression
dynamic range of the system after the insertion of the op-
tical link can be expressed as

2/3
_ IP;,,
’ys Fy KTy

A (P™B) =10 log (1 +

SFD,

SFDyys

= 2/3 (42)
(1 + AFy/Foys) (1 + G1IPyy, [1P2)]
/ Pslys Dsys
D, = =
fys Fs'y,le (1 + AFQ/F,y,) (l + GIP}deB/ledB)
(43)

where Egs. (30), (38), and (40) are used. The degrada-
tion of the spur-free dynamic range (in dB-Hz%/3) and the
compression dynamic range (in dB-Hz) of the system are,
therefore,

1P,
(44)

A(SFDyy,) =~ (g) A(IP) =~ 6.7 log <1 + G—ll—%’ﬁ)

G1P1dB
ADsys ~ A (PldB) =10 lOg (1 + qu‘;%’ (45)
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where AFo,/Foys << 1is assumed.

When the preamplifier is properly chosen so that Eq. (5)
is satisfied, then from Egs. (7) and (8) we have IP, =
41% Ry and P}® = 2% Ry /5. Consequently, the dy-
namic range of the system is solely limited by the photo-
electric power. The higher the photo-electric power, the
smaller the degradation. On the other hand, if the re-
quirement of Eq. (5) cannot be satisfied, then both the
preamplifier and the photo-electric power limit the sys-
tem’s dynamic range.

C. Photocurrent Requirement

If the preamplifier is properly chosen so that Eq. (5) is
satisfied, then from Eq. (44), in order for the degradation
A (SF D,y,) of the spur-free dynamic range to be less than
1 dB, the photocurrent must be

5CL1P,,,
> T3y
In >4/ SR (46)

Similarly, from Eq. (45), in order for the degradation,
AD,y,, of the compression dynamic range to be less than
3 dB, the photocurrent must be

5G PldB
Iph > 4 =5 (47)

From Egs. (46) and (47), one can see that the higher
the input 1-dB compression of the system, the higher the
optical power (photocurrent) of the optical link is required
to be to preserve the dynamic range of the system.

IV. Summary

We analyzed the influence of an externally modulated
fiber-optic link on a microwave communications system
and determined quantitatively the degradation of the noise
figure and the dynamic range caused by inserting the link
in the system. We found that if the preamplifier is properly
chosen, the photo-electric power in the photodetector is
the only parameter of the link that affects the dynamic
range of the system. The higher the photo-electric power,
the less dynamic range degradation of the system. For a
system of a given dynamic range, we deduced the minimum
photocurrent (optical power) requirement for the system.

We also determined quantitatively the effect of different
noise terms of the optical link on the noise figure of the
system. We paid special attention to the laser’srelaxation



oscillation noise and showed how it is multiplied up in
frequency by the modulation signal to degrade the signal.
The maximum amplitude of the relaxation oscillation peak
is inversely proportional to the achievable dynamic range
of the system.

Finally, we studied the requirements of the preampli-
fier required for the optical link. Both the required gain
and the third-order intercept of the preamplifier are pro-
portional to V;2/ R, a quantity solely determined by the
characteristics of the modulator. In practice, modulators
with small V; and large R, should be used so that the
preamplifier can meet the requirements of Egs. (4) and

(5)-

When designing a photonic link for analog communi-
cations systems, the following procedure is recommended.

First, a laser with low relaxation oscillation noise should
be chosen according to Eq. (17). This ensures that the
multiplied noise peaks are well below the noise floor of the
system. Second, the minimum photocurrent I ”,‘,i" (or min-
imum optical power) of the photonic link should be deter-
mined using Eq. (46) or Eq. (47). This is to make certain
that the dynamic range of the system is preserved. Third,
a modulator with low enough V; should be chosen, and the
RF loss of the photonic link should be evaluated by sub-
stituting V, and I;’}f" in Eq. (1). Fourth, a preamplifier
should be selected with a gain large enough to compen-
sate for the link’s RF loss. To ensure that the preamplifier
does not limit the dynamic range of the system, its inter-
cept point and 1-dB compression should satisfy Egs. (7)
and (8), respectively. Finally, the noise factor degradation
of the system caused by the insertion of the photonic link
should be evaluated using Egs. (33) and (34).
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Fig. 2. The Influence of multiplied relaxation osclllation peaks on the
system: (a) the laser relaxation osclilation peak Is multiplied up by the
modulation signal. The multiplied peaks may be mistaken for the signal
when they are above the system noise floor; (b) dlagram of an experiment
to verify that the strength of the multiplied nolse peak obeys the same rule
as a multiplied signal; and (c) results of the experiment.
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Appendix A

Derivation of Gain, 1-dB Compression, and
Intercept Point of an Optical Link

The optical transmission function of a Mach-Zehnder
modulator biased at 50 percent of its transmission peak is

5

m

() = % [1 — sin (A-1)

where V, is the half-wave voltage of the modulator and
V() is the voltage of the driving signal. For |7V (t)/V,| <
1, we can expand Eq. (A-1) into a Taylor series:

o -0 250 )

The error of the approximation is less than 0.83 percent.

(A-2)

A. Gain of the Optical Link

For a single-tone driving signal V(t) = V, sin wt,
Eq. (A-2) becomes

1 m2\ . md .
T(t) = 3 [1 -m <1 - —8-) sin wt — 54 Sin 3wt| (A-3)
where m is the modulation depth and is defined as
Vo
= A-4
m=1 (A-4)

The total photocurrent current I(t) in the load resistor of
the photoreceiver is

I(t) = anWin T(t) = IaT(t) (A-5)

where I, = anWj, is the total average photocurrent in
the load resistor, W;, is the input optical power to the
modulator, 7 is the responsivity of the photoreceiver, and
« 1s the total optical loss of the optical link, including
modulator insertion loss, fiber attenuation loss, and optical
coupling loss.
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In the frequency domain, the optical link’s output
power Poy(w) of the fundamental frequency component is

R, 1 m?\?
Pop(w) = Iz(w)7 = §IghRLm2 <1 ot ?) (A-6)

On the other hand, the total input RF power Py, (w) to
the modulator is

2 2772
vE _ mV

Pn(w) = op—= 53R

(A-T)
where R,, is the input impedance of the modulator.
Eq. (A-4) is used in deriving Eq. (A-T7).

Substituting Eq. (A-7) in Eq. (A-6), we obtain

(A-8)

2
Gop P,
P,=G 1- =22 P,
/4 OP( 4I3hRL)

where G,y is the small signal gain of the optical link and
is defined as

2
Pop _ 2 Lnie

Pn ~ V2?/Rn

Gop = (A-9)

B. The 1-dB Compression of the Optical Link

From Eq. (A-8), 1-dB compression occurs when
(1- Gome/413hRL)2 = 0.8. Therefore, the input 1-dB
compression of the optical link is

1dB 2I§h R
m 5Gop

(A-10)
C. Third-Order Intercept of the Optical Link

For a two-tone driving signal of equal amplitude V(t) =
Vo(sin wyt + sin wot), Eq. (A-2) becomes



T(t) =~

([ (122 it o]

m3
+T [sin (w1 — Aw) + sin (w2 + A"“’)]} (A-11)

| —

where Aw = wy; — wi. In Eq. (A-11), the second term
is the intermodulation product and other higher harmonic
terms were neglected. Similar to the derivation of Eq. (A-
6), the RF power of the output intermodulation product
is

IghRLms

128 (A-12)

Pry (w1 - Aw) = Prpm (UJ2 + Aw) =

Substitution of Eqs. (A-7) and (A-9) in Eq. (A-12)
yields the output intermodulation products

_ (GopPm)’

(413,,RL) > (A-13)

Py

At the third-order intercept point, Prayr = GopPm. Sub-
stituting in Eq. (A-13), we obtain

& (A-14)

1P, =P,

27



Appendix B
Multiplied RIN Noise

The total optical power incident on the photoreceiver
is

AP(t) = [P, + AP(®)] (1 + m sin wpt) (B-1)

where AP(t) is the optical power fluctuation, wy, is the
modulation frequency, and m is the modulation depth de-
fined in Eq. (A-4). Because the optical fluctuation of a
laser peaks at relaxation oscillation frequency wg, as an
approximation, AP(t) can be written as

AP(t) = AP,(t) sin wgt (B-2)
Substituting Eq. (B-2) in Eq. (B-1), we obtain

P(t) = P, (14 m sin wmt) + APy(t) sin wrt

_ mAP,(t)

5 [cos (wm — wr) — cOs (wm + wRr)1]

(B-3)

The photocurrent at wy,, —wg and wy, + wg is

28

nAP,(t)m

ImpIn = 5 (B-4)

The corresponding rms noise power at wp, —wg and Wy, +
Wg 18

BrinRr _ 1 (gm)? 2
Popiy = 50— =5 (-2—) Ry < APRy(t)* >
(B-5)
where <> denotes for time average.

Because RIN = < APy(t)? > /P2, the last equation
becomes

Iphm
2

2
Prrin = % ( ) RLRIN (B-6)

Substitution of Eqgs. (A-7) and (A-9) in Eq. (B-5) yields

PnRIN = %GomeRIN (B-7)



